[1] On 21 October 2010, ARTEMIS spacecraft P2, located at about À57 R E GSM in the Earth's magnetotail, observed a series of flux ropes during the course of a moderate substorm. Subsequently, ARTEMIS spacecraft P1, located about 20 R E farther downtail and farther into the lobe than P2, observed a series of TCRs, consistent with the flux ropes observed by P2. The dual-spacecraft configuration allows simultaneous examination of these phenomena, which are interpreted as an O-line, followed by a series of flux ropes/TCRs. An inter-spacecraft time of flight analysis, assuming tailward propagation of cross-tail aligned ropes, suggests propagation speeds of up to $2000 km/s. A principal axis investigation, however, indicates that the flux ropes were tilted between 41 and 45 in the GSM x-y-plane with respect to the noon-midnight meridional plane. Taking this into account, the tailward propagation speed of the different flux ropes is determined to be between 900 and 1400 km/s. The same timing analysis also reveals that the flux rope velocity increased progressively from one flux rope to the next. A clear correlation between the magnetic field and plasma flow components inside the flux ropes was observed. As possible mechanisms leading to the formation of tilted flux ropes we suggest (a) a progressive spreading of the reconnection line along the east-west direction, leading to a boomerang-like shape and (b) a tilting of flux ropes during their formation by non-uniform reconnection with open field lines at the ends of the flux ropes. The progressive increase in the propagation velocity from the first to the last flux rope may be evidence of impulsive reconnection: initially deep inside the plasma sheet the reconnection rate is slow but as reconnection proceeds at the plasma sheet boundary and possibly lobes, the reconnection rate increases. 
Introduction
[2] During magnetotail reconnection magnetic field lines from opposite sides of the current sheet are reconnected and transported toward the Earth and into the tail. In this classical two-dimensional near-Earth neutral line (NENL) model [Hones, 1976] , the newly reconnected field lines form closed loop structures between the NENL and the distant X-line. These two-dimensional magnetic field line loops, referred to as plasmoids, propagate downtail [Schindler, 1974; Hones, 1977] . When there is a B y -component in the magnetotail, the reconnected field lines are expected to create a threedimensional structure, identified as a flux rope [Hughes and Sibeck, 1987] . Hence, plasmoids can be seen as idealized two-dimensional simplifications of flux ropes [Moldwin and Hughes, 1991] . Flux ropes are characterized by a helical magnetic field topology. In the center of a flux rope, the magnetic field is purely axial and typically most intense, forming a core field. As one moves outwards from the center, the axial magnetic field weakens and the azimuthal magnetic field increases. Typical observations of flux ropes in the magnetotail include high speed tailward flows [e.g., Moldwin and Hughes, 1992a] , and disturbances in the magnetic field due to its helical structure. For a cross-tail aligned flux rope, observations show a bipolar B z variation, decrease in B x and an increase in B y , indicating the strong core field. Observed magnetic field signatures depend on the spacecraft trajectory through the structure [Moldwin and Hughes, 1991] , however. Flux ropes resemble bulge-like plasma sheet disturbances the signatures of which are observed as traveling compression regions (TCRs) in the lobe. Lobe magnetic field lines drape around the flux rope and are compressed along the vertical direction to the current sheet. A spacecraft, located too far away from the flux rope to encounter the structure itself, can still detect a flux rope passage via remote sensing of its lobe disturbances if it encounters the TCR [Slavin et al., 2003] . Typical TCR observations are characterized by the absence of plasma bulk flow and typical bipolar disturbances in B z , accompanied by an enhancement in B x and B total , resembling lobe magnetic field line compression [e.g., Slavin et al., 1993] . Plasmoids/ flux ropes and TCRs have been studied in the mid-and distant tail beyond À20 R E by IMP-8 [e.g., Moldwin and Hughes, 1992b; Taguchi et al., 1997] , ISEE-3 [e.g., Hones et al., 1984; Baker et al., 1987; Richardson et al., 1987; Slavin et al., 1989; Moldwin and Hughes, 1992a] , Galileo [Kivelson et al., 1993; Khurana et al., 1995] and Geotail spacecraft [Nagai et al., , 1998 Mukai et al., 1996 Mukai et al., , 1998 Ieda et al., 1998 Ieda et al., , 2001 Slavin et al., 1998 Slavin et al., , 1999 Slavin et al., , 2002 Machida et al., 2000] . So far, only few multi-satellite observations of flux ropes and TCRs have been reported [Moldwin and Hughes, 1992b; Slavin et al., 1998 Slavin et al., , 1999 . With the new ARTEMIS mission [Angelopoulos, 2011; Sibeck et al., 2011] , which is part of the extended THEMIS mission, we have the chance to get high-resolution data of dual spacecraft tail observations between about À50 R E > X GSM > À70 R E .
Instrumentation
[3] The data used in this study were acquired from observations of the two ARTEMIS probes, which correspond to THB (P1) and THC (P2) of the THEMIS mission [Angelopoulos, 2008] and carry identical instrumentation. In this study we present magnetic field and plasma data collected by two instruments from about 17:00 UT to 18:00 UT on 21 October 2010. Magnetic field data were provided by the Fluxgate Magnetometer (FGM) [Auster et al., 2008] via DC magnetic field measurements with a temporal resolution of one vector per three seconds (spin resolution) in the survey mode available during the time of interest for this study. The ion velocities shown in this paper were derived from distribution functions provided by the Electrostatic Analyzer (ESA) [McFadden et al., 2008] in the 5 eV to 25 keV energy range with a temporal resolution of one 3-D distribution function per spin.
Overview of the Observations
[4] Between $17:00 UT and 18:00 UT on 21 October 2010, the ARTEMIS spacecraft P1 and P2 were located in the pre-midnight sector downtail at about X GSM = À71 R E and X GSM = À57 R E , respectively (see Figure 1 ). They remained in the northern half of the tail during the entire interval between Z GSM = 3.5 and 4 R E (P1) and Z GSM = 0.5 and 1.1 R E (P2). According to the particle fluxes, P1 and P2 were located in the lobe regions at the beginning of the time of interest. Figures 2 and 3 show observations of P2 and P1, respectively, from 17:00 UT to 18:00 UT. We identify five events (labeled 1 to 5 chronologically) observed by both spacecraft. From $17:12 UT to 17:25 UT, P2 observed enhancements in the electron and ion particle fluxes, density, plasma pressure and temperature. Magnetic field disturbances were accompanied by a flow reversal in v x . About two minutes after the flow reversal at P2, P1 observed a tailward traveling TCR (Event 1), inferred from the northto-south turning in B z , accompanied by variations in v z . This strong TCR (D B/B $ 35%) was followed by a series of four smaller TCRs (Events 2 to 5) between $17:30 UT and 17:45 UT, showing enhancement in the total magnetic field strength, B x , bipolar variations in B z , and disturbances in B y , v y and v z . The magnetic field strength compression, mainly due to an enhancement in B x , is reflected in magnetic pressure enhancements for each of the TCRs. Slightly before each of the four small-scale TCRs observed by P1, P2 observed disturbances in the magnetic field and plasma data. Events 2, 3 and 5, observed by P2 at $17:30 UT, 17:35:30 UT and 17:43 UT respectively, were characterized by a decrease in the total magnetic field strength and B x , bipolar signatures in B z and enhanced B y . Furthermore, enhancements in the electron and ion particle fluxes, temperature, plasma pressure and ion beta were observed. The ion velocity showed tailward flows between $200 to 400 km/s, accompanied by signatures in v z and v y .
[5] Event 4, observed by P2 at $17:40 UT, exhibits significantly different signatures from Events 2, 3 and 5 and is characterized by an enhancement in the total magnetic field strength and B x as well as bipolar B z and v z signatures. The particle fluxes showed only a small enhancement of low energy particles. Temperature and plasma pressure remained at the background level. Due to the lack of significant particle fluxes and the compression in the total magnetic field strength, P2 did not encounter the plasma sheet flow region during Event 4, but instead observed the associated tailward propagating TCR.
Passage of an O-Line (Event 1)
[6] A comparison of magnetic field and plasma velocity observations by P1 and P2 between 17:10 UT and 17:30 UT is shown in Figure 4 . Event 1, observed by P2 between about 17:12 UT and 17:25 UT, can be split into three distinct time intervals that are shown by different color bars in Figure 5 . The first interval from about 17:12 UT to 17:19 UT is characterized by Earthward flow of $120 km/s, a decrease in B x and B y and positive B z . The Earthward flow is predominantly parallel to the magnetic field. At 17:19 UT, the plasma flow changes from Earthward to tailward. We define the second interval as from 17:19 UT to 17:21 UT. During this time period, slow tailward flow of $100 km/s, accompanied by mainly positive B z was observed. The flow exhibited a stronger component normal to the magnetic field than during the first interval. At the beginning of the third interval, lasting from about 17:21 UT to 17:25 UT, the slow tailward flow turned into fast flow of $350 km/s, with a dominant component normal to the magnetic field. During this interval, B z turned from positive into negative and a strong y-component of the magnetic field was observed. These magnetic field and plasma characteristics during the last interval are typical of flux ropes. We interpret Event 1 as a flux rope, embedded in between the near-Earth neutral line (NENL) and the distant neutral line. This configuration of two connected reconnection lines is sometimes referred to as an "O-line" [e.g., Hoshino et al., 1996] , since it naturally forms an O-type neutral line in between the two reconnection sites in a two- Figure 2 . Overview of P2 observations on 21 October 2010 between 17:00 and 18:00 UT. From top to bottom: magnetic field B, omnidirectional ion energy spectrogram, omnidirectional electron energy spectrogram, plasma density, ion velocity, pressure, and plasma beta. dimensional configuration. The flow reversal at $17:19 UT serves as the main argument for the passage of an O-line. We interpret the Earthward flow during the first interval as reconnection outflow from the distant neutral line and the tailward flow during the following two intervals as reconnection jets from a near-Earth neutral line. Figure 6 shows a proposed scenario with the three panels referring to the three time intervals in Figure 5 . During the first interval (first interval in Figure 5 , corresponding to the blue horizontal bar in Figure 6a ) of slow Earthward and mainly parallel plasma flow and positive B z , P2 was located ahead of the flux rope and observed the reconnection outflow from the distant reconnection line. As the structure moved downtail, P2 engulfed the flux rope and observed slow tailward flow and positive B z (second interval in Figure 5 , corresponding to the orange horizontal bar in Figure 6b ). Consistent with previous observations from Geotail , we interpret this slow flow as stagnant plasma that gets pushed forward as the reconnection outflow from the NENL moves downtail. This is confirmed by a slight density increase during the slow tailward flow between 17:19 UT and 17:21 UT (see Figure 5 ). The trajectory of P2 during the third interval from Figure 5 is represented by a purple horizontal bar in Figure 6c . During this time P2 observed a bipolar variation in B z , fast tailward flows (predominantly normal to the magnetic field), strong B y , an enhancement in the total pressure and a density increase. These observations confirm the passage of the center of the flux rope (bipolar B z and strong B y ), accompanied by fast reconnection jets. At some point the structure (in a two dimensional projection it corresponds to a "plasmoid" or "O-line"), gets detached from the NENL when the last closed field line gets reconnected and clears the way for the subsequent series of flux ropes, discussed in the following section. About three minutes after P2 had observed the flow reversal, P1 detected a TCR, with a total magnetic field strength peak of 10.8 nT at $17:24:30 UT, yielding a compression ΔB/B of 35% with respect to the 8 nT background. The north-then-south change in B z clearly indicates a tailward traveling TCR. P1 observed plasma flow of about 50 km/s in plus (minus) z GSM correlated with the positive (negative) excursion of B z . This correlation of v z and B z can be interpreted as a lifting (sinking) of plasma around the leading (trailing) part of the TCR.
[7] In general, the flow reversal observed by P2 can be due to either an Earthward moving X-line or a tailward moving O-line. However, the simultaneous observations of P1 allow us to rule out an Earthward moving X-line scenario. In the case of an Earthward moving X-line, one would expect to see an Earthward moving TCR observed by P1 if for an X-line that evolved tailward of P1 or a tailward moving TCR if for the case that the X-line evolved in between P1 and P2. These observations should occur simultaneously with the Earthward propagating flow observed by P2. Instead, P1 observed a tailward moving TCR after the flow reversal seen by P2. Hence, we associate the tailward moving TCR seen by P1 with the tailward directed flow seen by P2. [8] The average flow speed during the Earthward (tailward) flow interval was $120 (350) km/s. With oppositely directed flows from a single X-line one would expect similar flow speeds in both directions. Since the tailward flow speed is significantly higher than the Earthward flow speed, we attribute the two flows to different sources. Since the lobe magnetic field strength decreased with downtail distance [e.g., Slavin et al., 1985] , the lobe Alfvén velocity decreased with increasing downtail distance. Hence, we expect lower outflow speed related to a distant X-line than to a near-Earth neutral line. Consequently, it is reasonable that P2 first observed plasma outflow from the distant X-line, then tailward flow originating form a near-Earth neutral line, implying the appearance of an O-line, as depicted in Figure 6 .
Series of Flux Ropes/TCRs
[9] The disturbances seen by P2 at $17:30 UT, 17:35:30 UT and 17:43 UT respectively (Events 2, 3 and 5), are consistent with observations of flux ropes (see Figure 7) . B x was Figure 5 . Observations of P2 during Event 1. From top to bottom are shown magnetic field, ion density, ion velocity, pressure and parallel and perpendicular components of the plasma flow, respectively. During the first interval (blue vertical bar), P2 observed a decrease in B x , mainly positive B z , enhanced density, and slow Earthward flow with a strong parallel component. During the second interval (yellow vertical bar), it observed mainly positive B z , slow tailward flow with both, parallel and perpendicular components. The third interval (purple vertical bar) is characterized by a north-then-south reversal in B z , strong B y , fast tailward, mainly perpendicular flow, and enhanced total pressure. An interpretation of this sequence is shown in Figure 6 . decreasing from its 9 nT background, but remained positive at about 4 $ 6.5 nT. B y increased from À1 nT to À4.5 $ À6 nT. Since B x remained at a fairly positive level and B y did not increase to levels comparable to the total background, P2 did not pass through the center of the flux rope. The bipolar signature in B z during all three events indicates a rotation of the magnetic field vector, consistent with a twisted magnetic field line structure inside flux ropes around its core axis [cf. Slavin et al., 2003; Möstl et al., 2009] . The inflection point of B z is around the center of the dip in B x , as expected. All three structures were accompanied by enhanced particle fluxes, temperature, plasma pressure and tailward flows peaking between $200 and 400 km/s. The observation of flows associated with flux rope structures is consistent with the picture of magnetic reconnection as a generation mechanism of accelerated plasma flow and magnetic field reconfiguration.
[10] At around 17:40 UT at P2, between events 3 and 5, a bipolar signature associated with a peak in the total magnetic field strength and B x was observed (Event 4). This signature of a TCR is confirmed by the absence of significant particle fluxes. Hence, P2 was not engulfed by the flux rope or plasma flow region during this event.
[11] After the observations made by P2, P1 detected a series of TCRs (Figure 8) , identified by the typical bipolar B z variations and enhancements in the total magnetic field strength and B x at 17:31:20, 17:37, 17:41:15 and 17:44, respectively (Events 2 to 5). Although no significant particle fluxes were detected, typical variations in v z were observed. Figure 5 ) P2 observed mainly positive B z and slow, tailward flow (yellow arrow). This plasma flow is interpreted as stagnant plasma that gets pushed forward by tailward reconnection outflow from a near-Earth neutral line (NENL). (c) During the third interval, denoted by a purple horizontal bar (corresponding to the third interval in Figure 5 ) P2 observed a bipolar variation in B z and fast tailward flow, accompanied by enhanced total pressure and B y . These signatures are typical of a passing flux rope. In a two-dimensional picture this can be interpreted as the passage of an O-line, embedding both, tailward and Earthward plasma flows from the distant and near-Earth neutral line (orange arrows), respectively. P1 (red) remained outside of the structure and observed a TCR.
[12] Due to the small spatial and temporal separation of the flux rope observations by P2 and TCRs by P1, we interpret the series of TCRs observed by P2 as remote sensing of the same flux ropes that were observed earlier by P1.
[13] To determine the propagation speed of the observed structures, we apply timing to three different parameters: the total pressure P and components of the magnetic field B x and B z . We determine the time delay between the peak in the total pressure and B x -related to the center of the TCRdetected by P1 with the center of the enhanced total pressure and B x on P2. Additionally, we determine the time delay between the inflection points in B z observed by P2 and P1, respectively. All three parameters (P, B x , B z ) give similar timing and hence, a similar propagation speed of the structure. Two features can be seen from Figure 9 . Blue triangles, red squares and black diamonds indicate the timing results by using signatures in B x , B z and P, respectively. The first structure (Event 1) propagates with the smallest propagation speed, whereas the last structure (Event 5) shows the highest propagation speed. The velocity of the structures increases with the time of their appearance. Secondly, the propagation speeds of up to 2000 km/s are significantly higher than the propagation velocity expected at these downtail distances (À680 AE 270 km/s at À50 > X GSM ≥ À100 according to Ieda et al. [1998] ). This leads to the assumption that the structures are tilted in the x-y-plane, exhibiting a significant y-component. It is also supported by a strong plasma flow component v y during the first event, but not during the subsequent observations.
Tilted Flux Ropes
[14] We apply a minimum variance analysis (MVA) to determine the tilt of the flux ropes observed by P2. Since the signatures of Event 1 are not very clear and Event 4 resembles a TCR, we restrict our investigations to Events 2, 3 and 5. First, we apply the MVA over the entire flux rope. The intermediate variance direction is expected to correspond to the principal axis direction under idealized assumptions [Slavin et al., 2003; Xiao et al., 2004] . As pointed out by Moldwin and Hughes [1991] , MVA is a poor method of determining the principal axis of a flux rope, especially if the spacecraft is not passing through the center of the flux rope. Hence, we use an additional approach and compare the results. The cross-product of a flux rope's boundary normals represent its axis direction, since the boundary normals are ideally perpendicular to the axis. By applying an MVA over the leading and trailing edges of the flux rope, respectively, we determine two boundary normals during the crossing of the flux ropes boundaries. The minimum variance direction corresponds to the normal direction of the boundary separating the flux rope from its environment. We then determine the axis of the flux rope by calculating the cross product of the two boundary normals. This method implies large errors for the situation of nearly antiparallel normal directions, which is the case for crossings near the center of the flux rope. Nevertheless, both methods produce comparable results, as seen in Figure 10 . The blue lines, corresponding to the axis direction in the x-y-plane determined via the cross product of the boundary normals, yield an axis orientation comparable to the results achieved by applying an MVA over the entire flux rope interval (black lines). The orientation of the three flux ropes is found to be 45 , 41 , and 44 in the x-y-plane, respectively. This results in a reduction of the propagation speed of about 25% (Event 2), 34% (Event 3), 31% (Event 5) to more reasonable average values of 870 km/s (Event 2), 940 km/s (Event 3), 1350 km/s (Event 5) (see Figure 11 ).
Correlation of B and v
[15] Inside the flux ropes we find a clear correlation between the magnetic field components and the corresponding plasma flow components. This indicates an internal structure with a frozen-in plasma moving together with the magnetic field. With the exception of the correlation of v y and Figure 9 . Propagation velocity of the five structures observed by P2 and P1 inferred from timing. Blue triangles, red squares and black diamonds indicate the timing results by using signatures in B x , B z and P, respectively. The x-axis denotes the time starting at 17:12:30 UT in order to display the relative observation time in between the events, based on the inflection in B z at P2. Red: normal vector of the leading flux rope boundary, green: normal direction of the trailing boundary, blue: axis orientation as inferred from the cross product of the leading and trailing boundaries, black: axis orientation as inferred from an MVA. For FR3 the difference in the inferred axis orientation from using the two methods is too small to be displayed (2 ). Figure 11 . Same as Figure 9 , but including a tilt of the structures in the x-y-plane as found from a principal axis determination. The propagation speed is decreased, but a trend from smaller to higher propagation speeds from the first to the last event remains. For comparison the results from the timing analysis without tilt (cf. Figure 9 ) are shown as dotted signs.
B y during Event 5, we get correlation coefficients between 0.6 and 0.95 (see Figures 12 and 13 ).
Summary and Conclusions
[16] ARTEMIS spacecraft P2 observed a tailward propagating O-line, followed by a series of flux ropes. Shortly after the observations at P2, P1 observed a series of TCRs associated with the flux ropes detected by P1. We calculated the propagation speed of the flux ropes by determining the time delay of the signatures detected on both spacecraft. The unexpectedly high propagation speeds for Events 1 to 5 between 500$2000 km/s lead to the assumption that the structures are tilted in the x-y-plane, which is confirmed by determining the axis orientation using a minimum variance analysis. The flux ropes are tilted toward the tail by about 45 degree on the dawnside. Even when the tilt is considered, the first structure (Event 2) still exhibits the smallest propagation speed and the last one (Event 5) the highest. This gradual increase in the propagation speed can be understood if impulsive reconnection starting at the neutral sheet and progressively moving toward the boundary and eventually the lobes is the generation mechanism of these structures. Since the Alfvén speed increases from the neutral sheet to the boundary layer even if the reconnection site were to move further downtail, the reconnection rate in this hypothesis progressively increases, resulting in higher expulsion speed, explaining the observations. This leads to a sequence of flux ropes with increasing propagation velocity. Since reconnection can cease on the dawn-or duskside of the reconnection line earlier than on the other side, a tilt in the generated flux rope can be implied [Hughes and Sibeck, 1987] . Assuming symmetry of the structures with respect to the current sheet, we can estimate their minimum and maximum scale sizes with two spacecraft observations. Since P1 does not enter the flux ropes, its distance to the nominal neutral sheet of about 4 R E (obtained from http://sscweb.gsfc.nasa.gov/ tipsod/) depicts the maximum extent of the structures into the northern part of the tail. During Event 4, both spacecraft observe a TCR and remain outside of the flux ropes. Since P2 is located 1 R E north of the nominal neutral sheet, the fourth structure corresponds to a particularly small flux rope. In GSM-y the spacecraft are separated by about 3 R E . Since both spacecraft observe flux rope signatures, their separation gives the minimum width of the structures in the GSM-ydirection. From the periods of enhanced plasma pressure on P2 we can determine the duration of the flux rope encounters. For the three ropes we get 56, 48 and 70 s, respectively. With the propagation velocity inferred from inter-spacecraft timing, taking into account the tilted axis of the structure, the size of the flux ropes along the propagation path is 7.6, 7 and 14.8 R E for Events 2, 3 and 5, respectively. Thus, the last structure extends over the spacecraft separation, which is obvious in the observed data since P1 detected the TCR at a the same time as P2 encountered the flux rope. The observed flux ropes near lunar orbit exhibit small scale length normal to the current sheet of only 2 to 8 R E in z GSM and are significantly inclined with respect to the noon-midnight meridian. We propose two scenarios for the creation of tilted flux ropes. Both scenarios imply the presence of B y in the plasma sheet and are sketched in Figure 14 .
[17] 1. Reconnection starts near midnight and progressively spreads into the dusk-and dawn-sectors. In other words, the reconnection line gradually extends over the y-direction and reconnection appears differential. Reconnection of field lines near midnight leads to the formation of a flux rope over the extent of the so-far present reconnection line. This first and central part of the flux rope moves tailward with the accelerated plasma but does not get fully released since its ends are still connected to the ionosphere. Simultaneously, the reconnection line spreads farther into the dusk-and dawn-sectors and adds more twists to the already established flux rope. Since the previously formed flux rope has been transported a certain distance downtail already, this newly formed part of the flux rope is trailing the previously formed central part. This leads to a boomerang-shaped flux rope, exhibiting a non-uniform shape with inclined "wings". In this scenario, the determined flux rope axis direction from observations by P2 corresponds only to a local axis direction. Due to the non-uniform boomerang-like shape, the flux rope does not exhibit a uniform axis direction across its entire extent. If reconnection at the central portion of the connection line continues as its extent in the east-west-direction increases, this scenario also implies that the flux rope is thicker at its center than at its flanks.
[18] 2. In order to disconnect the flux rope from the ionosphere, field lines at its ends need to reconnect with open field lines [Hughes and Sibeck, 1987] . This must not necessarily happen at both ends at the same time. While one end (in Figure 14 (step 2b) the dawnside end) is already reconnected to an open field line, the other end is still connected to the ionosphere. Hence, the dawnside end will be pulled downtail by the open field line, while the duskside end is still connected to the Earth. This differential motion leads to a tilt in the flux rope. This non-simultaneous reconnection of open field lines at either end of the flux rope can be due to either a differential reconnection rate along the reconnection line or due to asymmetries in the non-ideal field line configuration in the magnetotail. When the other end of the flux rope is finally reconnected to an open field line as well, the flux rope is no longer connected to the ionosphere and is free to move downtail, exhibiting a tilt due to the non-simultaneous reconnection of the flux ropes' ends with open field lines.
[19] Certainly, we do not rule out a combination of both scenarios, i.e., a progressive spreading of the reconnection line in y, leading to a non-uniform flux rope (scenario 1) followed by a tilting due to non-simultaneous reconnection of open field lines at its ends (scenario 2). We do not see a physical reason for either constant reconnection in the equatorial plane or for simultaneous reconnection of open field lines at both ends of the flux rope under realistic conditions. Hence, the appearance of tilted flux ropes can be a common phenomenon as observed in previous studies [Slavin et al., 2003; Walsh et al., 2007] . This tilt influences the determination of propagation speeds of flux ropes and Figure 14 . Two possible scenarios for the formation of tilted flux ropes in the Earth's magnetosphere (blue). In the initial state of this idealized sketch, the flux rope is resting within the equatorial plane, exhibiting a dawn-dusk extent and is connected at its ends to the Earth's ionosphere. The two spacecraft P1 and P2 are symbolized by red and green dots, respectively. (left) Reconnection starts near midnight and forms the central segment of the flux rope (step 1a). The reconnection line is indicated by a brown line. As an assumption, the reconnection line spreads along the east-west direction and adds additional twists to the flux rope. Since the central part (formed during step 1a) has moved farther downtail, the newly added twists are trailing the central part (step 1b). As the reconnection line spreads farther along the east-west direction, the flux rope establishes a non-uniform, boomerang-like shape. This also implies that the flux rope is thicker at its center than at its flanks. For simplicity, only one flux rope field line is drawn. (right) Open Field line 1 (located in the southern lobe in the dawn sector) reconnects on the dawnside end of the flux rope (step 2a). Now, this end of the flux rope is not connected to the ionosphere any more and moves into the tail. This leads to a tilting of the flux rope, since the duskside end is still connected to the ionosphere until open field line 2 (located in the northern lobe in the dusk sector) reconnects at this end (step 2b). With no connection to the ionosphere, the flux rope now propagates into the tail (step 2c). studies based on the arrival times can be biased if a possible tilt of the structures is not taken into account.
